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CARTILAGE INTERSTITIAL FLUID PRESSURIZATION IS
FAR MORE EFFECTIVE AT REDUCING FRICTION THAN
BOUNDARY LUBRICATION BY SYNOVIAL FLUID
Gerard Ateshian
Purpose: Many studies have reported that synovial fluid (SF)
acts as an effective boundary lubricant in diarthrodial joints,
reducing the friction coefficient at the articular surfaces. Sev-
eral treatment modalities aim to reproduce the beneficial role
of SF, by identifying the major constituent responsible for its
tribological properties, such as hyaluronic acid, lubricin, or phos-
pholipids. Another mechanism which is effective in reducing the
friction of articular cartilage is the natural pressurization of its
interstitial fluid upon loading, which helps support most of the
joint contact load and reduce the frictional force acting on the
collagen-proteoglycan matrix. The specific aim of this study was
to characterize which of these two mechanisms is more effective.
Methods: In Experiment 1, 12 medial and lateral tibio-femoral
joint pairs from 6 fresh immature bovine joints were tested in a
custom friction apparatus. A constant load of 6.3 N was applied
on the condyle while the tibial plateau was translated ±10 mm
at 1 mm/s for a total test duration of 15 minutes. Six joints were
tested with phosphate buffered saline (PBS) as the lubricant and
the other six with bovine SF, collected from 5 adult bovine wrist
joints. The friction coefficient was measured as a function of
time. The initial (μ0), minimum (μmin) and final (μf) values in PBS
and SF were compared statistically using a two-way ANOVA. In
Experiment 2, a ♦4 mm chondral plug was harvested from the
tibial plateau of joints tested in Experiment 1 to perform friction
measurements against a glass slide, under a constant load of
6.3 N, translating ±4.5 mm at 1 mm/s for 2 hours. Each plug was
tested in the same lubricant used with the corresponding joint.
The minimum (μmin) and equilibrium (μeq) friction coefficients in
PBS and SF were similarly compared statistically.
Results: In Experiment 1, the friction coefficient was found to
remain nearly constant over the entire test for both lubricants
(Table 1), with no differences found between μ0, μmin and μf
(p=0.80). The friction coefficient in SF was significantly smaller
than in PBS (p=0.013). In Experiment 2 the friction coefficient
rose significantly with time, as shown in the mean and standard
deviation responses over all specimens in Fig. 1. μmin was
considerably smaller than μeq for both lubricants (p<0.0001).




μ0 0.023±0.008 0.017±0.004* 1.5
μmin 0.021±0.009 0.014±0.008* 1.3
μf 0.022±0.009 0.015±0.003* 1.5
Experiment 2
μmin 0.0027±0.0011 0.0015±0.0003*† 1.8
μeq 0.155±0.017 0.088±0.008*† 1.8
μeq/μmin 57 59
*p<0.05, SF vs PBS. †p<0.05, μeq vs μmin.
Fig. 1. Experiment 2.
Conclusions: The transient frictional response observed in Ex-
periment 2 (Fig. 1) has been shown to correlate with the mag-
nitude of interstitial fluid pressurization in our previous studies.
μmin is achieved immediately upon loading, when the pressure
is greatest; μeq is achieved after a prolonged duration, when the
pressure has subsided. Therefore, the ratio μeq/μmin represents
the effectiveness of interstitial fluid pressurization in reducing fric-
tion. Conversely, the effectiveness of synovial fluid as a boundary
lubricant can be assessed from the ratio (μPBS)/(μSF), equally
applicable for μ0, μmin, μf and μeq. As seen in the last column
and last row of Table 1, SF reduces the friction coefficient by
a factor of 2 at most, whereas interstitial fluid pressurization
reduces it by a factor of nearly 60. Therefore, cartilage interstitial
fluid pressurization is far more effective at reducing friction than
boundary lubrication by synovial fluid.
While the configuration of Experiment 2 is ideal for assessing
the effectiveness of interstitial fluid pressurization, it is not repre-
sentative of physiological loading conditions since it produces an
elevated, potentially detrimental friction coefficient under equi-
librium conditions, when the fluid pressure has subsided. In
contrast, Experiment 1 shows that under physiological loading
conditions, where natural cartilage surfaces slide against each
other with migrating contact areas, there is no loss of intersti-
tial fluid pressurization and the friction coefficient remains low
for prolonged loading durations. Either experiment is able to
demonstrate the effectiveness of SF as a boundary lubricant, by
comparing SF to PBS; however, only Experiment 2 can demon-
strate the effectiveness of interstitial fluid pressurization.
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IMAGING OF CARTILAGE - CHANGE IN PARADIGMS
Thomas Link
In the last decade therapeutic management of cartilage injury
and degeneration has changed substantially. Currently cartilage
repair techniques and pharmacological therapies are areas of
major clinical interest and research, in particular to prevent
and treat osteoarthritis. Given these advancements adequate
diagnostic techniques are required to better assess outcome
of new therapies and to tailor therapies for individual patients.
Radiographs are limited and MRI clearly has been shown to
provide superior information concerning cartilage, the underlying
bone and internal structures of the joints, including ligaments
and menisci.
Traditionally morphologic, pathological cartilage changes in MR
images have been described and defects have been classified
semi quantitatively, as lesions with more or less than 50% loss
or full thickness lesions. Visualization of these cartilage lesions
has been substantially improved (i) with dedicated cartilages
sequences, such as proton density-weighted fast spin echo,
spoiled gradient echo and dual echo steady state sequences, and
(ii) with the event of clinical 3.0T high field MRI. New sequences
are also currently studied to optimize cartilage imaging, which
include driven equilibrium Fourier transform and steady-state
free precession based imaging.
Since these techniques may be of limited value to study early
disease and may have limitations in the assessment of disease
progression quantitative techniques have been established to de-
termine cartilage volume. These techniques may be particularly
useful to study the significance of new pharmacological cartilage
protective therapies.
New developments now aim at quantifying pathological changes
of the cartilage matrix before damage of the tissue is morpho-
logically evident. Since cartilage loss is irreversible these new
techniques would allow to diagnose and potentially treat early de-
generation at a stage when the cartilage surface is still intact and
changes may be reversible. The most widely applied techniques
